INTRODUCTION
The use of radioscopy (real-time radiography in which film is replaced by an electronic imaging system) is limited by the availability of appropriate image quality indicators (IQis). Available indicators (plaque and wire type [1,2]) were designed for radiographic imaging where the source, imaging system (film), and specimen are stationary and the IQI plane is oriented normal to the flux of radiation. The improvement in productivity made possible by rotating the object during inspection in real-time is inhibited by the lack of an indicator that evaluates image quality as the specimen (and the associated IQI's) are rotated.
We propose an IQI design with rotational symmetry. It consists of a solid with rotational symmetry, for example, a sphere, of low x-ray attenuation coefficient material, covered with a thin layer of a material having a high attenuation coefficient (Figure la) .
Features of the spherical IQI include: (1) symmetrical shape (which provides rotational invariance), (2) variable coating thickness (easily varied during fabrication to achieve any IT or 2T thickness), (3) ease of locating the IQI (the high-attenuation edges of the device emphasize its location, even as the specimen and IQI are moved when imaging in real-time), and (4) size independent of orientation (provides the capability to calibrate magnification of the image).
PHYSICAL ATTRIBUTES AND DESIGN CONCEPTS
The thickness projection of the spherical IQI is evaluated by considering its two components, a central spherical core and a thin coating layer. For the central core, the thickness through the sphere is given by
where y is the thickness of the sphere at a distance x from an origin at the center of the core and a is the radius of the core. This equation also represents the material thickness across the image of a wire-type IQI.
(2)
where b is the radius of the coated sphere.
• -This manuscript is a submission of the U.S. Government and is not subject to copyright. The projected thickness of the coating is that of a sphere of the outer diameter of the coated sphere minus that of the central core, At the center of the sphere ( x = 0 ) the thickness of the spherical core is 2a and the thickness of coating material is twice the coating thickness:
It is this center of the IQI, where the projected thickness is twice the coating thickness, that is chosen to be 1% or 2% of the thickness of the structural part being radiographed. If the region of the radioscopic image is of a discernably different brightness from that outside the IQI, then the radiographic technique has yielded the desired thickness (1% or 2%) sensitivity. Since many radioscopic systems provide a means for quantitatively assessing the image in selected regions, we compare the image brightness under the center of the IQI to the brightness outside the region occupied by the IQI. The desired thickness sensitivity in the radioscopic image has been achieved if the two brightness levels differ. As will be shown later, the radiographic projection of the IQI is a slowly varying function near the central portion of the IQI. This permits using a moderate-sized region-of-interest (ROI) near the center for comparison to the ROI beyond the IQI.
The edge portion of the coated_ sphere is the other area of interest in the IQI design. Note the shape of the thickness projection of the coating in Figure (4) which can be many times greater than the center thickness by appropriate choices of a and h. The sharp outer boundary enhances the identification of the edge of the IQI on the radioscopic image. The shape of the edge contains a broad band of spatial frequencies, which may be advantageous in assessing spatial resolution characteristics of the radioscopic system.
FABRICATION OF THE IQI's
One type of IQI was constructed by plating 12.5 mm diameter acrylic plastic spheres with a thin (0.05 mm thick) layer of copper. The plastic sphere was cleaned, plated with a thin layer of electroless copper, and finally electroplated with copper to the desired thickness. In addition to the IQI which we manufactured, hollow spherical shells of copper and nickel were obtained from a commercial firm. Thickness of the metallic coating (wall) was carefully determined by potting the sphere in epoxy, sectioning the specimen through the center, and measuring the wall dimensions on a greatly magnified image.
RADIOGRAPHS OF THE IQI's
Since a radioscopic system was not available, film radiographs were made of the IQI alone and of the IQI on plates of copper. A fine-grained industrial film was used. A tube potential of 50 kV (constant potential) was used for the exposures of the IQI alone while higher potentials (100 and 150 kV) were used to image the IQI on the copper plates. The spheres and plates were placed directly against the film cassette to minimize geometrical unsharpncss in the image. Exposure (measured in milliampere-seconds) was adjusted to insure that the resultant image of the IQI had an optical density in the linear portion of the film characteristic curve. Care was taken to process all films under identical conditions.
IMAGE ANALYSIS
An image analyzer was used to measure the optical density distribution on the film radiographs of the IQI's. The radiograph was placed on a light table with a solid-state video camera placed above it. A macro lens on the camera permitted zooming in on the entire IQI or a selected portion of the image. A mask was positioned around the area of interest (the IQI) of the radiograph to prevent saturating the camera image. Calibration of the analyzer was carried out by placing a transmission optical step tablet on the light table and using two steps as reference points for converting relative light level sensed by the camera to optical density.
RADIOGRAPHIC PROJECTION
A narrow, monoenergetic beam of photons attenuates exponentially as it propagates through a material. For a two component material (that is, an IQI with a central sphere and a coating) there is attenuation in each of the materials -their contribution depending on the energy of the incident photons, material type, and thickness. Figure 2 shows the transmission through a coated sphere as a function of position relative to the center of the sphere. Three plots arc shown, one each for 30 keV, 40 keV, and 50 keV incident photons.
The radiographic projections for monoenergetic photons demonstrate the same features discussed earlier, a central 'flat' portion and abrupt edges. These features provide the means to measure thickness sensitivity (center portion relative to outside the sphere) and spatial resolution (the edges).
Refinement of the Radiation Transport Model
The monoenergetic, narrow-beam model used above demonstrates the overall character of 6.0 6.1 6.2 6.3 6.4 6.5
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~-ray transmission through a copper-coated (0.0508 mm thick) acrylic sphere (12.7 mm diameter) computed using a monoenergetic, narrow-beam x-ray interaction model. the radiographic projection; however, it does not provide accurate projections which can be quantitatively compared with projections measured from radiographs.
The actual radiation transport problem is more complex. The x-ray beam is not a narrow beam, but is a cone with a nonuniform intensity distribution. The output of an x-ray unit is a spectrum of energies rather than a monoenergetic beam. Several attenuation processes occur and some redistribute photon direction and energy.
We have begun to develop a Monte-Carlo (MC) radiation transport code capable of correctly modelling radiography of the spherical IQI. The MC method is a probabilistic scheme for following the course of individual photons as they propagate through and interact with a material. All interaction processes, including photoelectric, incoherent (Compton), coherent (Rayleigh) and pair production events can be modelled. Both the spatial and spectral characteristics of the x-ray source can be modelled, and the effect of material inhomogeneities can be included.
The procedure for performing MC simulations of radiation transport [3) proceeds as follows:
-Locate a high-quality, long-repeat-length random (or pseudorandom) number generator which produces numbers (r) in the range 0 to 1 and thoroughly test it.
2 -Identify the spatial and spectral distributions which define the x-ray source.
3 -Randomly select a photon from the source distributions (energy and direction).
4 -Determine the mean free path of this photon by using inversion sampling from the exponential distribution
where uT is the total linear attenuation coefficient at the energy of the photon and for the material in which the photon is propagating. 
-Determine the interaction process
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RESULTS Figure 4a is a radiograph of a hollow-core IQI alone and Figure 4b is the same IQI radiographed atop a copper plate, where the copper thickness at the center of the IQI is 2% of the plate thickness. Image brightness traces were obtained with the image analysis system at a location through the center of the radiographic images of the IQI and IQI plus copper plate. Light intensity, as measured by the camera, may be converted to incident x-ray intensity by using the characteristic curve of the film used to make the radiographs. Qualitative comparison can be made between the image brightness profiles of Fig. 5 and the x-ray intensity profile of Fig. 3 . A more detailed comparison awaits refinement of the Monte-Carlo model.
CONCLUSIONS
Because of its rotational invariance the new image quality indicator can be used to advantage in radioscopic systems where the IQI and part being radiographed are rotated during imaging. Preliminary investigations, including im~e analysis of film radiographs, indicate that the central portion of the IQI can be used to measure thickness sensitivity to the 1% and 2% levels. The edges of the coated sphere may provide the means to measure spatial resolution of the imaging system. Radiation transport modelling of the radiographic response of the IQI have been initiated to aid in future IQI designs.
Although a spherical IQI has been described in this report, other geometries having rotational symmetry (such as cylinders, cones or more complex solids) could use the same technology described here to produce IQI's for use when only a single degree of rotational symmetry is needed.
